Biological samples continuously emit ultra-weak photon emission (UPE, or "biophotons") which stems from electronic excited states generated chemically during oxidative metabolism and stress. Thus, UPE can potentially serve as a method for noninvasive diagnostics of oxidative processes or, if discovered, also of other processes capable of electron excitation. While the fundamental generating mechanisms of UPE are fairly elucidated together with their approximate ranges of intensities and spectra, statistical properties of UPE is still a highly challenging topic. Here we review claims about nontrivial statistical properties of UPE, such as coherence and squeezed states of light. After introduction to the necessary theory, we categorize the experimental works of all authors to those with solid, conventional interpretation and those with unconventional and even speculative interpretation. The conclusion of our review is twofold; while the phenomenon of UPE from biological systems can be considered experimentally well established, no reliable evidence for the coherence or nonclassicality of UPE was actually achieved up to now. Furthermore, we propose perspective avenues in the research of statistical properties of biological UPE.
Introduction
Ultra-weak photon emission (UPE, or "biophotons") from biological systems is a luminescent phenomenon which is present without any direct external stimulation nor additionally applied external luminophores [1] . While there is some consensus about intensity and spectrum of UPE [1, 2] , claims about statistical properties of UPE are very controversial. We aim to explain and settle this controversy in this critical review.
Electronic excited states giving rise to UPE are generated chemically in the course of oxidative metabolic and stress processes [1] in biological samples and living organisms. Several other terms synonymous to ultra-weak photon emission occur in the literature: autoluminescence [3] , weak luminescence [4] , low level chemiluminescence [5] , biophotons/biophoton emission [6, 7] , etc. Spectral range of UPE is known to lie at least in the range from 350 nm to 700 nm [2] and its intensity being up to several hundreds to thousand photons per square centimeter per second in the whole mentioned spectral range 1 .
From 1980s, there have been many claims about nontrivial statistical properties of UPE, such as coherence and even squeezed states of light [8, 9, 10, 11, 12, 13, 14] . Such properties of UPE would be of great physical and biological importance. At first, if the claims of UPE coherence were proved to be true, a novel mechanism of chemically powered ultra low power lasing would be very likely discovered. At second, there would be also great implications in biology since coherence or squeezed states of UPE would bring an evolutionary advantage for organisms in terms of ultra fast optical communication [15] for purpose of intracellular and intercellular interactions and organization [16] .
Optical biocommunication has been targeted by several reviews [17, 18, 15, 19, 20, 21] . Intensity and spectral properties of UPE have been also recently reviewed [1, 2] . However, there is no critical review which covers detailed technical aspects of statistical properties of photon emission from biological systems. Here we present development and current state of the literature on the statistical properties of UPE, especially focused on coherent and squeezed states of light and provide critical reflection of these works.
We first start with the Section 2 to present necessary theory of photocount measurement coherence and quantum optics and then we review the models used to analyze experimental distributions of UPE photocount statistics. In the Section 3, we review the experiments of statistical properties of UPE and assess them from the point of view of current understanding of physics and biophysics. We found that although there are quite numerous papers which contain unsubstantiated claims about statistical properties of UPE, several high quality works can be also found. Based on reliable works, we propose future avenues in the research of the statistical properties of biological UPE in conclusion.
Statistical properties of light

Theory of photocount measurement
The statistical properties of UPE were mostly investigated experimentally by measuring the distribution of counts produced by UPE in a photodetector. Therefore, we briefly introduce the classical and quantum approach to photocount distributions (photocount statistics is another term often used in the literature).
Classical theory
The intensity of the light field averaged over a cycle of the oscillation is given by the expression [22, p. 86 
whereĪ(t) is an intensity (irradiance) averaged over a cycle of oscillation with units W/m 2 , ε 0 is a permittivity of the vacuum, c is velocity of light in the vacuum and E(t) is an intensity of the electric field. Intensity can also be obtained as the time average of the Poynting vector perpendicular to the surface of the detector. Let the efficiency of the detector be denoted by η. According to the semi-classical theory of optical detection [22, p. 120] , there is a probability distribution P(W ) such that the probability p n (t, T ) of detecting n photoelectric emissions in a finite time interval from t to t + T is
where W = η t+T t I(τ)dτ and is integrated light intensity and η is a coefficient containing dimensional factors and describing the efficiency of the detector, so that W is dimensionless.
Quantum theory
The quantum expression for the probability that n photocounts occur between time t and t + T is ( [23] , [22, p. 276] , [24, p. 725 
])
p n (t, T ) = :Ŵ n n! e −Ŵ : ,
in the Heisenberg representation. All phenomena are basically of a quantum nature, but we say that a distribution of photocounts is classical if there exists a classical density distribution (i.e. a nonnegative P(W )) such that the (quantum) probability given by Eq. (3) is equal to the classical one given by Eq. (2) . The characterization of non-classical light was investigated in detail [24, 25] . A probability of photocount detection is purely quantum if no such P(W ) exists.
Conditional probability
Some experiments are carried out with two photomultipliers ( [26, p. 87] , [27, chapter by X. Shen, p. 287]). When a photon is detected by photomultiplier 1, the photons in photomultiplier 2 are registered during the time interval ∆t. Bayes' theorem tells us that the conditional probability for A given B is given by P(A|B) = P(A ∩ B)/P(B). The conditional probability of photocounts is calculated in [28, p. 79] and [29] . The waiting-time distribution for coherent, squeezed and thermal states was investigated in [30] .
States of the light and their photocount statistics
Coherence and coherent states
Coherence is a quite subtle property of light. In a nutshell, coherence is the ability of light to build interference which is, according to Grimaldi, the fact that darkness can be obtained by adding light to light 2 . Broadly speaking, light beams are coherent if they combine like waves (by adding the amplitudes of the beams) while they are incoherent if they combine like particles (by adding the intensities, i.e. the square of the amplitudes, of the beams).
It took a long time to clarify the meaning of coherence [32, 33] and the coherence properties of even the most classical double-slit interference experiment are still a matter of active current research [34, 35, 36] . For example, the influence of coherence on the interference of light beams (i.e. the Fresnel-Arago laws) was fully understood only in 2004 [37] and the conditions for a light beam to be considered as a sum of a fully polarized and a fully unpolarized beams are still controversial [38] 3 . The coherence of a light beam is modified by its propagation, the degree of coherence of a beam can influence its spectrum (this is known as the Wolf effect).
As a consequence of all these subtle effects, the literature on coherence is often very cautious and each statement is carefully supported by solid proofs. Many papers from the period 1980 -2010 which aimed to study coherence of UPE often contain highly speculative statements. Therefore, one of the main purposes of the current work is to assess the solidity of the conclusions drawn by the authors based on the data they presented and on the currently accepted physical viewpoints. We would also like to warn readers, especially those outside of the field of statistical properties of electromagnetic field, that some authors of original UPE literature use the term "coherence" rather vaguely. Terminology from quantum mechanics and quantum field theory often occurs in UPE literature, where the term coherence may refer either to (i) wave function from Schrödinger equation or to (ii) light, which is, strictly speaking, not the same (although related) and often creates confusion. In quantum mechanics, coherence is an intrinsic property of the wave function and once decoherence occurs (i.e. loss of wave function coherence or collapse of wave function), system behaves classically. Therefore, quantum behaviour is considered synonymous to coherence by some authors, but this is reasonable only when speaking about wave function. We refer to coherence of light in this paper and one cannot directly equate terms non-classical (quantum) to coherent light, neither classical to incoherent light. Generally, quantum optical framework can explain all states of light. Classical framework can explain only some of them and those can be called classical. The states which can be explained in quantum framework only are usually called quantum states. Coherence of light can be both of classical and quantum character, thermal states of light (see further down) can be described in classical and quantum framework, while certain states can be described only in quantum framework (e.g. squeezed states).
Classical coherence
If E 1 (r,t) and E 2 (r,t) are the electric fields of two light waves (i.e. two solutions of the Maxwell equations), then the linearity of the Maxwell equations implies that the two waves add to form a new light wave: E(r,t) = E 1 (r,t) + E 2 (r,t). In particular, if E 1 (r,t) = −E 2 (r,t), then E(r,t) = 0. In other words, as Gabor put it when he received his Nobel prize in physics for the invention of holography: "light added to light can produce darkness". It might not be completely out of place to recall that Gabor and Reiter devoted a book on the radiations emitted by plants and their influence on cell division, where they observed diffraction [40, p. 20] [41] .
Light detectors do not resolve the time-dependence of electromagnetic fields and measure something which is proportional to an average of the intensity over a duration ∆t: I(r,t) = (1/∆t) t+∆t t |E(r, τ)| 2 dτ. The light beam is coherent if the total intensity of the two beams is obtained by adding the amplitudes:
It is incoherent if the total intensity of the two beams is obtained by adding the intensities I(r,t) = (1/∆t)
The reason why intensities should be added is not entirely clear in classical optics 4 .
Coherence is not a yes-or-no attribute but a continuum-like. Strictly speaking, any electromagnetic (light) field is coherent to certain extent. Coherence time T c or coherence length L c is often used to describe the extent of coherence [43, sec.7.5.8] . Within the T c , the time dependence of any light field at a point in space can be very closely approximated by a sine wave, i.e. the field is coherent. In practice, we say that the light is coherent if it displays very large coherence time (i.e. much larger than the period of the oscillation) or very large coherence length (i.e. much larger than the wavelength), such that interference effects can be observed. Relation between coherence length and coherence time is L c = cT c ≈ c/∆ f = λ 2 0 /∆λ , where c is the velocity of light, λ 0 is the mean wavelength, ∆ f and ∆λ is the spectral bandwidth of the light in Hz and nm, respectively. The broader the spectral range emitted from the source, the shorter the coherence time and coherence length:
Quantum coherence
We follow the discussion of coherence described by Mandel [24, ch. 12] . IfÊ (+) (r,t) andÊ (−) (r,t) is the annihilation and creation operator of the electric field, respectively [24, p. 574] , then the intensity of light at a point is proportional to Ê (−) (r,t)Ê (+) (r,t) , where the sign · represent the expectation value over a quantum state, which can be a mixed state. More generally, a quantity such as [24, p. 585] . A state for which there is a vector function e(r,t) such that
Such a state corresponds to full coherence in the classical case. As we shall see, all correlation functions factorize if the system is in a coherent state. The reciprocal question (i.e. the determination of all the states that lead to factorized correlation functions) was studied by Honneger and Rieckers [44, 45] . They found out that there are states for which all correlation functions factorize and which are not coherent states in the usual sense. Very general coherent states were defined in the mathematical literature [46] , but they were not used yet in the present context.
Coherent states
Coherent states were discovered by Schrödinger [47] , rediscovered by Schwinger [48] , then called coherent states and further studied by Glauber [49] . Coherent states are now a standard tool of quantum optics [24] . From a mathematical point of view, a coherent state |α is an eigenstate of the annihilation operator:â|α = α|α , where α is a complex number [24, p. 523] . From the conceptual point of view, coherent states are the quantum states that correspond to classical electromagnetic waves. For instance, a classical current (a piece of electric wire carrying a macroscopic current, for instance) gives rise to a coherent state of the photon field [50] .
The photocount statistics of a system in a coherent state is a Poisson distribution (see Fig. 1 )
where n = T ṅ is the average number of photons measured between time t and time t + T . A Poisson distribution is a sign of classical light field. Its variance is equal to its mean: (∆n) 2 = n . The departure from a Poisson distribution is measured by the Fano factor F such that (∆n) 2 = n F or by the Mandel parameter Q = F − 1. A photocount statistics is super-Poissonian if F > 1 and Q > 0, it is sub-Poissonian (and therefore non-classical) if F < 1 and Q < 0. Departure from Poisson distribution is a sign of non-classical (quantum) nature of light. Note that a laser light is not in a coherent state [51] , although it has a very large coherence length and a pronounced phase coherence [52] . Moreover, its probability distribution can be far from Poissonian [24, p. 940] . 
Squeezed states
Squeezed states have the characteristic that the dispersion (uncertainty) of one variable is reduced at the cost of an increase in the dispersion of the other canonical variable, for instance position vs. momentum or amplitude vs. phase 5 . Following Loudon [53] , this can be easily visualized when we write equation for electric field operator of a single mode of the photon field aŝ
where E 0 is amplitude of vectorial electric field,X andŶ are Hermitian operators related to annihilation and creation operators of the photon field asX = (â +â † )/2 and Y = (â −â † )/2i.X andŶ , the real and imaginary parts of the complex amplitude, give dimensionless amplitudes for the two quadrature phases. They obey the commutation relation [X,Ŷ ] = i/2. Electric field can be then depicted in a complex plane, see Fig. 2 . Various squeezed states were used in the UPE literature, but the most general ones are called two-photon coherent states and were proposed in 1976 by Yuen [55] . They have become standard states of quantum optics [24, p. 1046] . They are simply defined as the solution |α, ξ of eigenvalue equationÂ|α, ξ = β |α, ξ . We follow the notation from Orszag [56, ch. 5] : .
Squeezed states, as originally defined by Yuen [55] , were produced by squeezing the coherent state. It means that at first, displacement operatorD(α) is used to create coherent state |α from vacuum state (|0 ) and then the squeezing operatorŜ(ξ ) is used, see [24, Fig 21.3 
However, it is more convenient, and also often used in modern literature, to apply first the squeezing operator on the vacuum state and then the displacement operator:D(α)Ŝ(ξ )|0 =D(α)|ξ = |α, ξ . Such procedure which gives so called ideal squeezed state (see [24, Fig. 21.3 .a, p.1043] and Fig. 3 in this paper), was introduced in reference [57] and we use it also in this paper.
The photocount statistics of a light field in a coherent squeezed state is given in terms of Hermite polynomials [58, p. 21] 
where . Squeezed states are interesting because they can manifest lower intrinsic noise (fluctuations around mean of a canonical variable) than coherent light [59] , a feature which classical light with Poisson distribution cannot achieve. See Fig. 3 for manifestation of squeezing in the photocount distributions. The lower the intrinsic noise (related to uncertainty of a canonical variable), the higher the capability of such states to transmit information [60] , but there are natural limits [59] . However, squeezed states are fragile. They can be "destroyed" by interaction with environment, such as attenuation, beam splitter or a mirror, as those admit the vacuum fluctuations, which exceed the squeezed fluctuations, to enter from outside.
One has to be careful to avoid experimental and instrumental artifacts before interpreting the photocount statistics data. Non-Poisson distribution of photocounts can be also generated by classical and thermal light which would otherwise lead to Poisson distribution if the measurement has been performed correctly. Trivial manifestation of non-Poisson distribution can be caused by non-stationarity of the light source such as modulation of the intensity of the photon signal due to the (i) slow drifting ( 
Thermal states
A thermal state of light can be physically obtained by filtering thermal radiation. The photocount statistics of a thermal source with M modes (degrees of freedom) is well approximated by the expression [24, p. 680]: where n is the average number of photons and M is the number of field modes (see also [24, p. 731] ). The number of degrees of freedom M can be estimated by the product of a time degeneracy M t and a space degeneracy M s . The time degeneracy is the ratio of the measurement time (bin time) over the coherence time [22, p. 97] . Thermal states are classical. An important characteristic of these states is the relation between variance and mean:
The coefficient M is generally very large for chaotic sources [61] , so that the relation between variance and mean is close to that of a coherent state. Another interpretation is to say that, for reasonable intensities, the expectation value of the number operator n is very small and the expectation value of n 2 is therefore negligible with respect to that of n [62, p. 19] . As a matter of fact, for large M, p n (t, T, M) tends to a Poisson distribution of parameter n .
Since the question whether field giving rise to UPE is in a coherent or a thermal state is recurrent in the UPE literature, it is important to know whether photocount statistics can distinguish between them. Since photocount statistics of thermal light becomes equal to that of a coherent state when number of modes M is large, photocount statistics is not able to discriminate between a coherent and a thermal state with many modes. This can be seen in particular in the relation between variance and mean in a thermal state, see Eq. 14.
Superposition of coherent and thermal states
If UPE contained mixture of coherent and thermal states, corresponding description of such superposed fields should be used. This has not been done in UPE literature up to our knowledge, although photocount statistics of superpositions of coherent and thermal states was already investigated by Perina [63, 64] .
Super-radiance
Super-radiance is the coherent emission of light by several sources. It was first proposed by Dicke [65] and is now a thoroughly investigated subject [66, 67, 68, 69] . Its main characteristic is the fact that the intensity of the emitted light can vary with the square of the number of sources because they can emit in phase.
The photocount statistics of super-radiant emission was investigated in detail by [70] , who found cases where the statistics is sub-Poissonian (see also [68] , [68] , sections 1.3 and 11.6). [71] observed that the photon state of a super-radiant system is generally not a coherent state 6 . 
Experimental works on the photocount statistics of UPE
Photoelectric measurement of UPE were attempted already from the early 1930s (see [73] , [74] , [74] , and references therein), but reliable measurements could be obtained only in the early 1950s [75, 76] . The very delicate instrumental aspects of UPE photocount measurements were discussed in several papers [77, 78, 79, 80, 81, 82] .
First, it is instructive to refer to several relevant works dealing with statistical properties of luminescence from non-biological sources. The photocount statistics of weak luminescent sources was measured for solid-state ZnS:Cu luminophores [83] , luminescent glass [83] and single molecules in microdroplets [84] . All these experiments can be analyzed in terms of thermal source or Poisson statistics. The photocount statistics of light emitting diodes was found to be Poissonian [85] or super-Poissonian in case of avalanche photodiodes operated above its breakdown voltage and used as a light source [86] . Chemiluminescence of a 9,10-diphenylanthracene radical ions in acetonitrile solution shows Poisson statistics [87] .
For the following discussion, it is important to stress that Poisson statistics is not a proof of the existence of a coherent state of light. According to the Palm-Khintchine theorem, the superposition of a large number of independent equilibrium renewal processes, each with a small intensity, behaves asymptotically like a Poisson process. For example this is true for the limit X(t) = ∑ n i=1 x i (nt), where the processes x i are independent [88] . However, this result depends on the way the limit is taken [89, 88] . We suggest that superposition of random nonstationary emissions, which was investigated by [90] and [91] , seems to be the most reasonable first approach for modeling biologi-cal chemiluminescence.
Works with conventional data interpretation
There are several works on the UPE photocount statistics that are at the qualitative level of the quantum optics literature, without over-interpretation of the results. Papers of Kobayashi and Inaba belong to this category. They performed [85] an interesting and useful investigation of the photocount statistics of a time-dependent system. The influence of cosmic rays and microdischarges is taken into account to get reliable data. For a light emitting diode they found a Fano factor close to one, for the photoluminescent bacterium Photobacterium phosphoreum they measured a Fano factor significantly greater than one, indicating a super-Poissonian statistics. More precisely: "During the primary stage of cell proliferation, the photon statistics show super-Poisson behavior, which changes to Poisson statistics according to the increase in the number of cells". The Fano factor is analyzed in terms of a chaotic source (using Eq. (41) of ref. [91] and denotes a "clustering of excitation and emission".
In another paper [78] , they describe the experimental setup in great detail. The long-term stability of the dark counts is checked, as well as their power spectrum, their statistics as a function of counting time, their auto-correlation function and the dependence of it on the photomultiplier. The regenerative effects, cosmic rays and microdischarges are also taken into account. The authors measured the temperature-dependence of the dark counts and made a careful analysis of how the dark counts should be subtracted. They compare the corrected g (2) (τ) (second order correlation function) with experiment for randomized laser light of various intensities. They discuss the measurement of the Fano factor in the presence of dark current and for a time-dependent source. Finally, they measure the photon statistics of Dictyostelium discoideum. Variation of the Fano factor during the early stage of development and after starvation is observed. Further, they found super-Poisson statistics (i.e. photocount distribution with a width greater than a Poissonian distribution and Fano factor > 1), which they interpreted, as in their previous work, to be caused by clustering of excitation and emission processes where the optical field is composed of a sequence of independent flashes initiated by Poisson random time events. No relation to squeezed states, which can also manifest super-Poisson statistics, was mentioned. This article [78] represents a quality benchmark for all UPE photocount measurements in terms of careful verification of the experimental setup and rigorous interpretation of the data.
Kobayashi et al. also discussed the measurement of photocount statistics with 2D-photomultipliers [92, 79, 93] . Note that Inaba et al. measured UPE images already in 1988 ( [94] , see also refs. [95] , [96] , [97] ).
Another remarkable publication on this subject is the PhD thesis by Erich Schirmacher [82] . He made very careful experiments and a thorough theoretical analysis. He measured photon statistics from samples of lichen (Parmelia physodes) covering a tree bark, a leaf from a dark plum tree (Prunus cerasifera 'Nigra'), leaves on a twig from silver fir (Abies alba), a leaf from baynan tree Ficus microcarpa, a leaf of a stinging nettle Urtica dioica and a leaf from oak Quercus robur that he compared to the light beam of a He-Ne laser. He observed only super-Poissonian statistics and did not find conclusive evidence of a non-classical (quantum) behavior of light.
There are several other works which provided UPE photocount statistics without speculative intepretation. Williams et al. measured UPE from human breath and observed a photocount distribution with two peaks [98, 99] . This interesting experiment should certainly be reproduced. This is not really UPE from a living organism, but this effect could create an artifact in the measurement of UPE from human beings. Shen et al. [100] measured the photocount statistics of cucumber seedlings, mungbean seedlings and rhizobium bacteroids. They conclude that: "Experimental evidence accumulated so far leaves no doubt as to the validity of the biochemical interpretation of the chemi-excitation and its association with metabolism in biological systems." Similarly, Gallep measured many different samples and analyzed his results in a rational way [101, 102] . Van Wijk et al. made use of Bajpai's coherent states to fit experimental photocount statistics. This enabled them to distinguish UPE from various parts of a human body [103, 104, 105] . These papers already contain unjustified speculations about squeezed states of UPE.
Works with speculative data interpretation
There are several researchers who pursued unconventional and speculative interpretation of the UPE experiments and photocount statistics, mainly based on the hypothesis of coherent processes in biological systems. We analyze the evolution of two main streams of ideas of coherent states and squeezed states of biological light chronologically. See Appendix A for the reference and selected comments on the works of other authors in the category of speculative data interpretation.
Coherence of ultra-weak photon emission ?
Work on statistical properties of biological ultra weak photon emission focused on coherence was pioneered by Fritz-Albert Popp. Activities of F.-A. Popp attracted many scientists and also public interest to the topic of biophotons. However, his interpretations experimental results on UPE photocount statistics in terms of coherent states are controversial and therefore are not generally accepted in scientific community.
Bernhard Ruth, supervised by Popp, built an efficient photomultiplier-based measurement system of UPE. Within his thesis [77] he showed that many biological samples are source of ultra-weak photon emission. The most controversial result of this thesis is a series of UPE spectra [106, 77] , that are completely different from UPE spectra measured later [107, 79] . Care needs to be taken because possible artifact leading to these strange spectra is the luminescence of the filters [108] .
In this period, the working hypothesis was introduced: the biological UPE originates from biological coherent photon field [109] which regulates biological processes. This hypothesis was inspired mainly by following points:
• Several polycyclic hydrocarbons have been investigated. Correlations between their electronic properties and carcinogenic activity have been found [110] . Popp proposed that the mechanism of the action of the cancerogenic substances is the disturbance of the excitation cellular photon field at certain energy which is related to DNA repair [110] , [111, p. 117] .
• Coherent electrically polar vibration states in GHz-THz region in metabolically active cell have been postulated by Fröhlich [112, 113, 114, 115] . Popp embraced the general idea of coherent processes in biology and assumed based on the model of Li [116, ch. 5 ] that the DNA in cells behaves as a low level excimer laser generating coherent photon field.
From that time on, experimental data obtained in Popp's group and their followers have been attempted to fit the coherence theory of biological ultra weak photon emission. In the Table 1 , we highlight several specific points from these works which are the most controversial and deviate most strongly from currently accepted knowledge in order to inform readers where the caution should be exercised. Main references UPE statistics of variously stressed cucumber seedlings was measured and analyzed in terms of chaotic light. In many cases the photocount distribution was far from Poissonian. The body of the paper brings plenty of data. The part of the conclusion involves statement which is not substantiated by the data in the paper. For instance, the authors state that DNA is the origin of UPE: "DNA may represent active photon stores which are governed by Bose condensation" [117, p. 312] . [117] Further unfounded statements. For instance, often a statement is found that erythrocytes (red blood cells) do not emit UPE because they do not contain DNA. This argument is used to support the hypothesis of UPE generation by DNA. Although this statement is important no reference to the source of experimental data is found. It should be noted that erythrocytes have also many other differences in their structure compared to other cell types than the presence of nucleus. Only mammalian erythrocytes, compared to vertebrates, do not contain nuclei as well as other organelles such as mitochondria, Golgi apparatus and endoplasmic reticulum. [118, 119, 120, 8, 121, 122] "Measurements of photo count statistics show that the probability of registering n photons within a given time interval ∆t is significantly different from a purely chaotic distribution, even for a multimode system with the highest possible degree of freedom." [123, p. 119 ] Although they do not show any comparison with experiment, they add: "On the other hand, the consistency of the results with a Poisson distribution, which accounts for a coherent radiation field, cannot be refused," [123, p. 119] . As we saw, a Poisson distribution is indeed compatible with a coherent state, but also similar to other states of light. [123] Papers where authors were trying to prove that the hyperbolic decay of delayed luminescence is a "sufficient condition for coherence". They start from a harmonic oscillator [123, 120] . There have been several conceptual and mathematical mistakes identified in these papers, see ref. [124] for a detailed investigation of one of these papers. Further, it needs to be stressed that the state of stationary UPE (autoluminescence), where light is generated by some biochemical reaction, cannot be fully determined by the state of delayed luminescence, which is a relaxation from an excited state and is not stationary by definition. In other words, the state of light met in delayed luminescence is different from the state of light of autoluminescence because the former is timedependent and the latter is not. Therefore, conclusions from the study of physical parameters of delayed luminescence cannot be directly used to prove parameters of autoluminescence. [123, 120] Delayed luminescence in plants is usually interpreted as a consequence of the complex reactions involved in photosystem II [125] . Experimental delayed luminescence can then be reproduced using reasonable reaction constants [126] . Popp and Li used a different approach. They postulated that the intricate behaviour of the photosynthetic chain could be modelled by a simple one-dimensional harmonic oscillator with a time-dependent force:ẍ(t) + 2µ(t)ẋ(t) + ω 2 0 x(t) = 0. They remove the term iṅ x by writing x(t) = exp − t 0 µ(τ)dτ y(t), where y satisfies the equationÿ+ (ω 2 0 − µ 2 −μ)y = 0. Without any reasonable justification, they further postulate that the oscillating part y(t) should have a constant frequency. This gives us the equation µ 2 +μ = ω 2 , so that y oscillates with constant frequency ω 2 0 − ω 2 . The basic solutions of this equation are µ(t) = ω tanh(ωt + µ 0 ), so that x(t) = e ±iωt cosh µ 0 / cosh(µ 0 + ωt). Without any justification, Popp and Li completely dismiss these general solutions and choose the very special µ(t) = −ω tan(ωt + µ 0 ), which corresponds to ω = 0. [123, 120, 127, 128] Popp and Yan use the above mentioned special solution and try to get a coherent-state model of delayed luminescence. The solution of the problem does not satisfy them (it is not compatible with experiments) and the desired solution is achieved in the procedure which unfortunately involves several mathematical errors -see [124] for the detailed critical treatment. [129, 130] Numerous evidences are provided for a Poisson distribution of biological UPE by showing two examples where n ≃ (∆n) 2 for cucumber seedlings with and without poisoning by acetone. However, the non-poisoned case is not compatible with the value previously reported [117] . The other measurements of the previous reference [117] , that are not compatible with a Poisson distribution, are not mentioned. He admits that, for a large number of degrees of freedom M, a chaotic field would also have n ≃ (∆n) 2 . However, this point of view is dismissed because "we found an extremely strong mode-coupling indicating that M is of order 1." As a reference, ref. [117] is cited where this statement or similar supporting it cannot be found.
[8]
Coherence hypothesis is stated, which claims in very general terms that "biophotons are released from a fully coherent electromagnetic field which serves as a basis for communication in living tissues" [131, p. 577] . They show measurement of cucumber seedlings with smaller (but variable) values of δ . They argue that the statistics alone does not prove coherence, but that the temperature dependence, the transparency of biological materials and the hyperbolic decay of luminescence do [131, p. 581 ]. These statements are not supported by any rigorously convincing proof. They set up a simple model to describe the emission of coherent light by DNA. [131] Several strong (but largely unfounded) statements are made in this reference. For example, it is written that the phase is completely determined in a coherent state [132, p. 147] , whereas in fact the variance of the phase is 1/(2 n ) [22, p. 196] ,which can be very large for the low intensity of UPE. [132] Further examples of statements which seem to be of conclusive nature but are unfounded: "While spontaneous chemiluminescence cannot sensitively depend on biological and physiological processes, like the cell-cycle, growth phases, differentiation, enzymatic activity, conformational changes of DNA, the external temperature, and weak external perturbations, the opposite behaviour is expected for a coherent field, since it is modulated by any small change of the boundary conditions, including all the environmental and internal factors." [132, p. 148] and "As far as results are available, there is no indication for the validity of hypothesis 1, the chaos theory, but complete support of hypothesis 2, namely the coherence theory of biophotons." [132, p. 148] Equation xẍ = (1 + κ) ẋ 2 [132, p. 160 ] is solved as if it was the equation xẍ = (1 + κ)ẋ 2 . This is not correct in general. [132] Several novelties are introduced in a review paper [133] . Factorial moments [28, p. 71] are used to describe photocount statistics, new experimental photocount distributions are presented and an optical biocommunication experiment between Gonyaulax polyedra is described without giving closer details on experimental protocols. In the same book, Popp makes several speculative statements about "evolution as the expansion of coherent states" [134] , Popp and Li see "hyperbolic relaxation as a sufficient condition of a fully coherent ergodic field" [127] . [135] postulates super-radiance in DNA and mentions squeezed states. [116] Optical biocommunication experiment between Gonyaulax polyedra is ascribed to super-radiance.
[9]
Results of coincidence counting of UPE from mungbean seedlings and an elder bush leaflet are published [26] . When a photon is registered in channel 1, the photons in channel 2 are registered during the time interval ∆t. A coincidence occurs when at least one photon is detected in channel 2. For a nonstationary process, the number of random coincidences Z j in the j-th time interval ∆T j is Z j = n 1 j (1 − P 2 (∆t, 0)), where P 2 (∆t, 0) is the probability of counting no photon in the time interval ∆t and n 1 j is the number of counts in channel 1 in the ∆T j . For a Poissonian distribution we have P 2 (∆t, 0) = e −a∆t , where a is determined by n = a∆t.Therefore, Z j = n 1 j (1 − e −a∆t ). Experimental results for mungbean (Vigna radiata) seedlings and elder bush (Sambucus nigra) leaflets are given. Photocount statistics agree with the Poissonian distribution. Similar experiments were done on soybeans ( [136] , see also ref. [137] ). Poissonian distribution is interpreted there in terms of super-radiance, although super-radiance does not generally generates Poissonian photocount statistics (see section 2.2.8).
[ 26, 136, 137] Squeezed states were used instead of super-radiance as an attempt to describe UPE photocount statistics [12] . Squeezed states they used are not as general as the ones of [138] . given in the paper is not real when α is not real. But the formula is wrong even if α is real. The correct form for α real is:
Thus,
By using n = α 2 + sinh 2 r we obtain
which does not reduce to the expression for p(0) given in [12] . Unfortunately, this incorrect formula is repeated in [139, 140] .
[12]
Review articles with no new results and similar issues as those mentioned above.
[141, 11, 10]
The research work described in this section was led by the working hypothesis that the coherence is the fundamental principle responsible for functioning of biological systems. Fine experimental setups were built, clever experiments with very interesting results performed, but there are several methodological drawbacks: (i) experiments are not described in detail, (ii) surprising experimental results (for example the concentration dependence of UPE in Daphnia) are not repeated with many other samples or other experimental setups, (iii) data that do not agree with the coherence interpretation are dismissed, (iv) alternative interpretations are not seriously considered, (v) oversimplified models are used instead of realistic biophysical ones, (vi) mathematical errors in the articles. While the ideas presented inspired many researchers, incorrect and controversial interpretations of the data brought the subject of "biophotons" into disrepute.
Squeezed states of ultra-weak photon emission ?
The squeezed state of light provides a flexible shape to fit the UPE photocount statistics because this state is based on four independent parameters (|α|, φ , r, θ ), see Fig. 3 . This interesting model was first introduced by R.P. Bajpai [138] . However, the fact that this model fits experimental data does not mean that UPE is in a squeezed state. We saw that a Poisson distribution can be obtained from a coherent state but also from many other (classical or quantum) states of light. The same is true for the distribution given by squeezed state. For example, Mandel and Wolf notice that for certain values of the squeezed-state parameters, the Mandel parameter takes positive (i.e. classical) values [24, p. 1051] . Even if restricted to Fock space, the number of states of light is immensely larger than the number of photocount distributions. Thus, it is generally impossible to deduce a state of light from a photocount distribution. Higher order correlation functions must be measured. As in the case of previous section, interesting experimental results are somewhat spoiled by speculative interpretations [14, 142] . 
Authors impose a hyperbolic decay λ (t) = λ 0 /(1 + λ 0 t) and they find a time-dependent pseudo-annihilation operator b(t) = µ tâ + ν tâ † , with µ t and ν t explicitly given. From this, they compute n(t) and remove the oscillatory terms. They get an expression B 0 + B 1 /(1 + λ 0 t) + B 2 /(1 + λ 0 t) 2 but they find that B 1 = 0. They also calculate the Mandel factor Q = ∆(∆n) 2 − n . They find it non-zero but small. They consider earlier experiments on flowers of Tagetes patula. They had fitted the fluorescence decay with a sum of two exponentials, but they say that using their new formula gives also a good fit. [138] In [13] , coincidence measurements made with Popp's experimental setup [9] using two photomultipliers are presented. Experiments were carried out on "leaves of different sizes from different plants". Some experimental results are given but the author does not specify for which sample. The paper ends with the idea that, from the evolutionary point of view, "the advantages of using squeezed light were too overwhelming".
[13]
Bajpai [143] argues that the "inadequacy of the conventional framework to describe a biophoton signal is easy to demonstrate". Then, the "separate identity of sub-units and the independence of de-excitations give rise to the thermal nature of photons and exponential decay character of the signal". This is generally not correct. The statement in the conclusion "The signal was, therefore, coherent for 5 hr" does not seem to be substantiated. [143] Here [144] , Bajpai accepts another definition of coherent states and the real r is replaced by the complex number ξ , which is the same as z = re iθ in Eq. (21.3-1 [144]
Lichen Parmelia tinctorum is measured in [145, 146] since "Lichen, because of its very slow growth or decay, is a suitable system for making repeated experiments". Results are analyzed using squeezed state distributions. In these and the following works by Bajpai, the formulas for the photocount distribution of squeezed states are correct. It is stated that "Since a photon signal of quantum nature emanates from a quantum state the biophoton emitting parts of a living system must remain in a pure quantum state". This is not true in general. The fact is that a classical source generates a coherent state of the photon field, although the source is not quantum at all. Even squeezed states can be generated by classical currents in the non-linear regime. The only requirement is the presence of a quadratic term (in the photon creation and annihilation operators) in the interaction Hamiltonian [147] . [145, 146] Photocount statistics of Parmelinella wallichiana is measured and fitted by a squeezed state statistics. [148] Time-dependent squeezed states with a time dependence giving a density n(t) = ∑ 2 i=0 B i (t 0 + t) −i are considered. Then, for t → ∞, p(n) is a distribution coming from a squeezed state.
We write q = βâ + β †â † and p = αâ + α †â † , whereâ † andâ are creation and annihilation operators. The Hamiltonian becomeŝ
where
This type of Hamiltonian was investigated in detail also elsewhere [55, 149] . Delayed luminescence from Parmelinella wallichiana is measured. One of the fits is displayed, the noise is very large.
[150]
An interesting and critical survey of previous measurements. Additionally, new measurements of Xanthoria parietina and a rather good fit of the data using squeezed-state distributions are presented. Speculative statements: "A holistic property is correctly described only in the quantum framework", "The photon signal remained in its squeezed state at least for 5 hr", "emission of photon signal in squeezed state is a characteristic property of living systems".
[151]
In [152] , authors introduced second order correlation function at zero time lag g (2) (τ = 0) to estimate non-classicality of UPE. By varying the detector response time (or bin size) around the period of expected coherence time one can estimate the coherence time and g (2) (0) [153] . g (2) (0) < 1 is a signature of non-classical (quantum nature) of the light [22, Fig. 5 (2) (0) from the Fano factor of measured UPE signal and compensated for the detector background. In Fig. 2 in [152] , g (2) (0) = 1 and shows no variation across different bin sizes for hydrogen peroxide induced UPE signal from human hand. Authors claim there that there are hints to quantum behavior of UPE (g (2) (0) < 1) but the data provided do not fully justify that. Fluctuation of Fano factor sometimes fall under the value of 1 (again signature of quantum states of light) for certain bin sizes, but considering the shape of the Fano factor curve as whole [152, Fig. 2 ] this could be also attributed to fluctuation and error of the measurement. Nevertheless, these interesting data should be reproduced and thoroughly verified.
[152]
Conclusion and perspectives
We reviewed practically all available literature on the statistical properties of UPE. There are several high quality works on the level of standard quantum optics literature and provide provide analysis of UPE in terms of chaotic light field. In contrast, there are numerous papers which contain claims about coherent and squeezed states of UPE. However, only incorrect argumentation and data interpretation or indirect anecdotal evidence is largely presented to support these claims.
The conclusion of our review is that while the phenomenon of UPE from biological systems can be considered experimentally well established, no reliable evidence for the coherence or nonclassicality of UPE was actually achieved up to now. The presence of coherence seems to follow from a straightforward reasoning: a living organism must be in some coherent state because it is obviously not in thermal equilibrium [154] . However, the actual situation is subtle. On the one hand a thermal source can emit partially coherent light, even close to the source [155] , and independent thermal sources can produce two-photon interference [156] 7 . On the other hand the organization required to maintain life has no a priori reason to imply that UPE is in a coherent state. Moreover, thermal states and coherent states are two extremes of a very broad range of possible states of light. What we would need is to actually measure the coherence length and time of UPE. The extremely long UPE coherence times (10 days 8 , 5 hr 9 ) proposed by some authors seem to be completely off the mark. It is remarkable that, except for a few exceptions [158, 124] , the physical community did not provided almost any critique of these extraordinary claims.
Although the role of coherent processes in biology, in particular quantum coherence, cannot be dismissed in general [159, 160, 161, 162] , it needs to be emphasized that the research work published until now does not provide any generally accepted proof for coherence of biological ultra weak photon emission according to the physical definitions (see section 2.2.1).
Perspectively, standard methods in quantum optics can deliver more reliable information on coherence and statistical properties of UPE of living systems. Coherence parameters (coherence time, coherence length) could be quantified by measuring light interference or light correlation functions [24, 163] . A non-classical, i.e. quantum nature could be assessed by using a Hanbury Brown-Twiss interferometer and measuring higher order correlation functions. However, the extremely low intensity of UPE and inherent nonstationarity of the biological signal make these experiments highly challenging.
We believe that the development of new types of photon detectors which will have properties closer to that of the ideal detectors [1, sec. 5] may bring at least partial answers to the open questions about UPE statistical properties. Such new developments include light (200 nm − 3000 nm) sensor based on the cryogenically cooled microwave kinetic inductance detectors [164, 165] . Further futuristic possibilities of a light detection could include nondestructive detection of the presence of photons, i.e. without absorbing them, by detecting the change of the phase they incur on pre-prepared quantum state of the atom in cavity, as was recently experimentally demonstrated [166] . A promising technological direction to explore is to couple the UPE into optical fibers. Once in a fiber, the light can be easily manipulated, spectrally and spatially filtered and small low noise avalanche photodiode (APD) detectors can be used. This manipulation allows a control of the number of the modes which can enter the detector. It has been demonstrated already 20 years ago, that in spite its low intensity UPE can be coupled to an optical fiber and detected by a liquid nitrogen cooled Si-APD [167] . Actually, fiber optics and APD detectors based setups are a standard in quantum optics experiments.
Apart from the quantum statistical properties, there are indications that other signal properties of biological UPE stemming from dynamics underlying chemical reactions [168, 169, 170, 171, 172] may be also of interest. Biological processes are naturally oscillatory, complex (chaotic) and fractal. Thus, suitable methods adapted from statistical physics and very carefully used for other biological signals to uncover "hidden information" [173] may be also used to analyze the UPE signals.
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Appendix A: Other works on statistical properties of UPE with speculative interpretations
Several more authors indulged themselves in speculations about nature of the light emitted from biosystems. We list their relevant publication here for the sake of completeness. Gu has strong theoretical background in quantum optics. In [174] , he describes a three-level system as the emitter of UPE. Super-radiance and a model involving the sum of two coherent states is He introduced in [175] . In [176] , Gu discusses non-classical light and asks the question "are there nonclassical effects in biological systems?" (p. 301). He recalls the non-classical aspect of sub-Poissonian photon distribution from Gonyaulax polyedra [133] and higher order coherence in mungbean seedlings [9, p. 1272] . Further, he states that biophotons may be emitted by standing vibrational waves in DNA. Gu considers the interaction of a single mode of the biophoton field with a phonon reservoir. He considers a Schrödinger cat initial state (healthy or ill, yin or yang). These theoretical considerations are apparently not used in the paper. Photon statistics of a piece of leaf of banyan tree (probably Ficus elastica) is reported. The photon distribution, its variance and entropy are given for the leaf and a radiator. Gu further compares the variance and entropy observed during the delayed luminescence and autoluminescence phases, and observes that they are similar. The normalized variance for the leaf and the radiator are 1.26 and 2.20, respectively. He compares the value for the leaf (1.26) to the value g (2) (0) = 1.2 obtained in [174, p. 83] . Other measurements give values much closer to 1. An important point is that author does not measure n 2 , he calculates it from the distribution p(n). Thus, he cannot observe non-classical effects because p(n) is always positive. Finally, Gu compares the variance and entropy for traditional and genetically modified soybeans. Extensive theoretical work of Gu is covered in his book [177] .
Kun [178] considers the single-mode coherent states corresponding to parameters α and −α. They make the same mistake as Popp [129] and consider that ω(t) and β (t) can be chosen independently. This is wrong because the time dependence of n(t) is determined by ω and f [124] .
Chang [139] describes coincidence counting experiments. Distributions were measured for Dinoflagellates, chicken embryos, fireflies Lampyridae. She discusses Popp's hypothesis that biophotons come from DNA: "DNA excimer radiation is based on the same principle as laser radiation". She pushes this hypothesis very far: "During gene transcription the long distance regulative functions may be performed by biophotons." "Presumably one of the neurofilament's functions is to act as transmission channels for photon signals." "The biophoton fields are in coherent and squeezed states suggesting that over a long period of life evolution livings learned how to use quantum mechanism to regulate themselves." Another published paper [140] is of similar nature as the previous one. Reference [179] is another speculative paper, see for instance one statement: "The emission of biophotons becomes coherent when the minuscule electric double layers start their moving state at the same moment." hand of a multiple sclerosis patient Homo sapiens sapiens [181] hands Homo sapiens sapiens [104, 152] 
